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Introduction {#sec001}
============

Black soybean seed is a well-known homologous plant food and medicine and is officially listed in the Chinese pharmacopoeia (2015 edition) \[[@pone.0190202.ref001]\]. This seed has historically been used to relieve kidney disease by increasing blood circulation and water passage, to counteract toxic effects, and for its antiaging effects, among other uses, in China, India, Japan, Korea and other Asian countries \[[@pone.0190202.ref002]\]. Sufficient studies have shown that black soybean seed is rich in polyphenolic substances, especially isoflavones \[[@pone.0190202.ref003]\] and anthocyanins, which are contained in most parts of the seed but especially in the seed coat \[[@pone.0190202.ref004]\]. Modern pharmacological studies have demonstrated that black soybean exhibits various bioactivities, including antioxidant and anti-inflammatory activities, reduction of DNA damage, and inhibition of low-density lipoprotein oxidation, which are primarily attributed to the anthocyanins with medium polarity \[[@pone.0190202.ref005]\]. Because of the various benefits of anthocyanins mentioned above, more research has focused on the alcohol-soluble component of black soybean seed. However, research on the high-polarity, water-soluble component has been relatively limited, especially regarding the structural elucidation of polysaccharides even though these compounds have proven to have health benefits for humans by lowering blood cholesterol, improving laxation and reducing the risk of diabetes, which was known before the 1990s \[[@pone.0190202.ref006]\]. Regarding the processing of black soybean seed, the soybean curd residue (namely, okara) is the dominant surplus material and is always regarded as waste \[[@pone.0190202.ref007]\].

Because of the attractive physicochemical properties of soybean polysaccharides, studies have sought to reveal their potential in biomaterial and biological applications, such as soybean polysaccharide films for food packaging \[[@pone.0190202.ref006], [@pone.0190202.ref008], [@pone.0190202.ref009]\]. At the same time, more research has also focused on the polysaccharides from black soybean seed. Recently, Jun Liu et al. isolated three water-soluble polysaccharide fractions, named BSPS-1, BSPS-2 and BSPS-3, from black soybean seed \[[@pone.0190202.ref010]\]. BSPS-1 was determined to be a linear (1→6)-α-D-glucan with a molecular weight of 1.95 × 105 Da, and BSPS-3 was found to be a type II arabinogalactan with a molecular weight of 1.88 × 105 Da. These two polysaccharides have been demonstrated to possess potential superoxide anion and DPPH radical scavenging activities \[[@pone.0190202.ref011]\].

Continuous rain during harvest can easily lead to damage to soybean plants due to field mold (FM), with *Fusarium moniliforme* confirmed as the main pathogen \[[@pone.0190202.ref012]\]. In our recent studies on FM in preharvest soybean seed, we found that mildew resistance was significantly correlated with the seed coat color and that soybean seeds with dark coats showed higher field mold resistance \[[@pone.0190202.ref013]\]. Although the obtained evidence confirmed that the antimycotic constituent primarily originated from the medium-polarity fraction \[[@pone.0190202.ref014]\], we believe that new functional constituents, especially polysaccharides, are contained in the wasted high-polarity, water-soluble fraction of the black soybean seed coat. In the present study, a three-level, three-factor Box-Behnken design was combined with response surface methodology (RSM) to optimize the extraction conditions for obtaining the maximum yield of BSCPs. In addition, preliminary structural characterization was carried out, and the in vitro anti-tumor activities of the BSCPs were investigated.

Materials and methods {#sec002}
=====================

Materials and chemicals {#sec003}
-----------------------

The black soybean cultivar "C103" (*Glycine max* L. Merr.), a conventional high-resistance cultivar in southwestern China, was evaluated in the experiments \[[@pone.0190202.ref015]\]. The soybeans were grown in an experimental field of Sichuan Agricultural University at Ya'an in China (103°00′E, 30°08′N). The soybeans were sown on 24 June 2014, and the seeds of C103 were harvested on 5 November 2014 at full maturity (R8) \[[@pone.0190202.ref016]\] and dried naturally. Standard compounds of rhamnose (RHA), arabinose (ARA), fucose (FUC), xylose (XYL), mannose (MAN), glucose (GLU), galactose (GAL), fructose (FRU) and deuterium oxide (D~2~O) were all purchased from Sigma Chemical Co. (St. Louis, MO, USA). Other reagents were of analytical grade.

Extraction of polysaccharides and determination of the associated yields {#sec004}
------------------------------------------------------------------------

First, 2.0 kg of seed coat was mechanically exfoliated from natural dried black soybean seeds. All of the black soybean seed coat was extracted three times with 20 L of methanol under reflux for 3 h. Then, the dried filtered residues (0.5 g) without methanol were continuously extracted twice with distilled water using different extraction times, temperatures and ratios of water to raw material. Finally, distilled water was added to bring the filter liquor from the extraction to 100 mL to prepare the sample liquor. The total polysaccharide yield from the soybean seed coat was determined using the phenol-sulfuric acid method. The yield results were expressed as glucose equivalents \[[@pone.0190202.ref014]\].

Extraction optimization using RSM {#sec005}
---------------------------------

The effects of the extraction time, temperature and ratio of water to raw material were analyzed using the RSM. After three single-factor experiments, the preliminary ranges of the extraction variables were determined. The independent variables were the extraction time (90, 120 and 150 min), extraction temperature (90, 95 and 100°C) and the ratio of water to raw material (15:1, 20:1 and 25:1). Then, a Box-Behnken factorial design (BBD) was adopted in which a 15-run BBD with three variables and three levels, including five replicates at the center point, was used to optimize the extraction conditions \[[@pone.0190202.ref017]\]. The symbols and coded factor levels for these variables are given in [Table 1](#pone.0190202.t001){ref-type="table"}. The experimental design and regression analysis were conducted using Design-Expert software (version 8.0, Stat-Ease Inc., Minneapolis, USA). The interrelationships of the variables were based on a second-order polynomial model \[[@pone.0190202.ref010]\].

10.1371/journal.pone.0190202.t001

###### Coded levels and real values for the BBD and the extraction yield results.

![](pone.0190202.t001){#pone.0190202.t001g}

  Standard order   Coded levels (real values)   Extraction yield (%)                    
  ---------------- ---------------------------- ---------------------- -------- ------- -------
  1                -1(90)                       -1(15)                 0(120)   9.23    9.16
  2                -1(90)                       1(25)                  0(120)   9.88    9.69
  3                0(95)                        -1(15)                 0(120)   9.55    9.74
  4                0(95)                        1(25)                  0(120)   10.27   10.34
  5                -1(90)                       0(20)                  -1(90)   9.02    10.11
  6                -1(90)                       0(20)                  1(150)   9.98    10.15
  7                1(100)                       0(20)                  -1(90)   10.32   10.15
  8                1(100)                       0(20)                  1(150)   10.43   10.34
  9                0(95)                        -1(15)                 -1(90)   9.12    9.10
  10               0(95)                        -1(15)                 1(150)   9.40    9.30
  11               0(95)                        1(25)                  -1(90)   10.25   10.27
  12               0(95)                        1(25)                  1(150)   10.26   10.27
  13               0(95)                        0(20)                  0(120)   10.12   10.12
  14               0(95)                        0(20)                  0(120)   10.13   10.12
  15               0(95)                        0(20)                  0(120)   10.12   10.12

Purification of the crude BSCP fraction {#sec006}
---------------------------------------

The dried filtered residues (1.5 kg) resulting from methanol extraction were extracted with boiling water three times (2 h each) and then filtered. The filtrate was concentrated and dialyzed against running water with a tubular membrane (MWCO: 3500 Da, Jinhui Biotechnology Company, Shanghai, China) for 2 days. The dialysis products were dried under a vacuum, and the crude polysaccharide fraction was obtained \[[@pone.0190202.ref018]\]. Part (1.0 g) of the crude polysaccharide fraction was dissolved in deionized water and loaded onto a fast flow DEAE-Sepharose CL-6B column (32×450 mm), eluting successively with 0.03 M, 0.06 M, 0.18 M, 0.36 M, 0.72 M and 1.5 M NaCl (500 mL each). The polysaccharide content was determined using the phenol-sulfuric acid method.

Determination of the purity and molecular weight {#sec007}
------------------------------------------------

High-performance gel permeation chromatography (HPGPC) was used to detect the purity and molecular weights of the BSCPs. The analyses were performed on an LC-6AD system (Shimadzu, Japan) equipped with an RID-10A refractive index detector (Shimadzu, Japan) and an Agilent ZORBAX GF-250 size exclusion analytical column (4.6×250 mm, 4 μm), which was eluted with ultrapure water at a flow rate of 0.2 mL/min; the injection volume was 20 μL. The molecular weights of the polysaccharide samples were calculated from the calibration curve generated using a series of dextran standards (T-500, T-100, T-70, T-40 and T-10) with definite molecular masses ranging from 10 to 500 kDa \[[@pone.0190202.ref018]\].

Analysis of the monosaccharide composition {#sec008}
------------------------------------------

The monosaccharide composition was determined by gas chromatography-mass spectrometry (GC-MS) after derivatization to form aldononitrile acetates \[[@pone.0190202.ref019]\]. Briefly, the BSCPs (10 mg) were hydrolyzed with 2 mL of 2 M trifluoroacetic acid at 100°C for 6 h. The vacuum-dried hydrolysate was prepared by adding 0.5 mL of pyridine and 10 mg of hydroxylamine hydrochloride with heating at 90°C for 30 min. After cooling to room temperature, 0.8 mL of acetic anhydride was added to the above mixture, and heating at 90°C was continued for 30 min. The entire mixture was vacuum-dried and then re-dissolved in 5 mL of chloroform. The samples were then centrifuged at 11,000 g and 4°C for 5 min, and approximately 1.5 mL of the supernatant was filtered through a 0.22-μm syringe filter and stored at -20°C before injection into the GC-MS system.

The aldononitrile acetate derivatives of the standard sugars (RHA, ARA, FUC, XYL, MAN, GLU, GAL and FRU) were prepared in the same way. Samples were analyzed on a GC-MS instrument with a QP2010 system (Shimadzu, Japan). Separation was performed on a capillary column (Rtx-5Ms, 30 m×0.25 mm×0.25 μm). The injection port temperature was set to 280°C, and helium was used as the carrier gas at a flow of 1.0 mL·min^-1^; the injection volume was 1.0 μL. The ionization potential of the mass-selective detector was 70 eV, and the scan range was 35--550 amu. The oven temperature was increased from 130 to 230°C at a rate of 3.0°C·min^-1^, followed by an isothermal hold for 2 min. All samples were analyzed in triplicate. The compounds were identified by comparing the retention times and mass spectra of the samples with those of the standards.

In vitro cytotoxicity assays {#sec009}
----------------------------

BSCP-1 was tested for its cytotoxic activity against the HGC27 human gastric carcinoma cancer cell line using the CellTiter-Glo^™^ luminescent cell viability assay (Promega) \[[@pone.0190202.ref020]\]. The HGC27 cell line was cultured in RPMI-1640 medium supplemented with 10% fetal bovine serum (FBS). The cells were maintained at 37°C in a humidified environment containing 5% CO~2~. Cell viability was determined using the CellTiter-Glo^™^ assay. Briefly, the cancer cells were seeded onto 384-well plates at an initial density of 2000 cells/well in 40 μL of medium. Then, the cells were treated with the compounds at varying concentrations. The dose-effect curve of doxorubicin cytotoxicity against the BEL-7402 cells was used as a positive control, and 0.5% DMSO was used as a negative control. After incubation for 72 h, 30 μL/well of CellTiter-Glo^™^ reagent was added, and the relative light unit (RLU) values were read on a PHERAstar^plus^ microplate reader (BMG Labtech, Cary, NC) after incubation for 10 min at room temperature: cell growth inhibition % = 100% × \[1-RLU~treatment~/RLU~negative\ control~\]. The IC~50~ values were calculated from the curves generated by plotting cell growth inhibition versus the test concentrations using GraphPad Prism 6.0 software \[[@pone.0190202.ref021]\].

Results and discussion {#sec010}
======================

Optimization of extraction conditions by single-factor experiments {#sec011}
------------------------------------------------------------------

The effects of the extraction parameters on the yield of crude BSCPs are shown in [Fig 1](#pone.0190202.g001){ref-type="fig"}. The effect of the extraction temperature is shown in [Fig 1a](#pone.0190202.g001){ref-type="fig"}. When the extraction time and ratio of water to raw material were fixed at 120 min and 30 mL/g, respectively, the extraction yield of BSCPs increased rapidly from 3.78% to 8.64% as the extraction temperature increased from 40 to 100°C, indicating that boiling water facilitated the release of BSCPs. Similarly, the effect of the ratio of water to raw material on the yield of crude BSCPs is shown in [Fig 1b](#pone.0190202.g001){ref-type="fig"}. When the extraction time and temperature were fixed at 120 min and 100°C, respectively, the extraction yield of BSCPs increased rapidly as the ratio of water to raw material increased from 5 to 20 mL/g, peaked at 20 mL/g, and decreased when the ratio exceeded 20 mL/g. Additionally, when the extraction temperature and the ratio of water to raw material were fixed at 100°C and 20 mL/g, respectively, the extraction yield increased as the extraction time increased from 30 to 120 min, peaked at 120 min, and did not significantly increase further when the extraction time exceeded 120 min (see [Fig 1c](#pone.0190202.g001){ref-type="fig"}).

![Effects of the extraction temperature (a), ratio of water to raw material (b) and extraction time (c) on the yield of crude BSCPs.](pone.0190202.g001){#pone.0190202.g001}

Optimization of the extraction yield by RSM {#sec012}
-------------------------------------------

The appropriate ranges of the extraction temperature (90, 95 and 100°C), ratio of water to material (15, 20 and 25 mL/g) and extraction time (90, 120 and 150 min) for the crude BSCP extraction were determined in the single-factor experiments. From these results, the extraction parameters were further investigated for the optimum conditions using a BBD \[[@pone.0190202.ref022]\]. The experimental conditions and the observed and predicted BSCP yields according to the BBD are listed in [Table 1](#pone.0190202.t001){ref-type="table"}. The BSCP yield ranged from 9.02% to 10.43%. The predicted and observed values were highly similar under the same extraction conditions, which reflected the accuracy and applicability of a BBD for the optimization of the BSCP extraction yield. Multiple regression analysis was applied to the experimental data, and the response variables and test variables were correlated according to the following second-order polynomial equation: $$\text{Y} = 10.12 + 0.31\text{A} + 0.28\text{B} + 0.31\text{C} + 0.018\text{AB} - 0.21\text{AC} + 0.21\text{BC} + 0.038\text{A}^{2} - 0.42\text{B}^{2} - 0.22\text{C}^{2},$$ where Y is the yield of BSCPs (%) calculated from the regression model, and A, B and C are the coded variables of the extraction temperature, ratio of water to material and extraction time, respectively.

An analysis of variance (ANOVA) of the response surface quadratic model was conducted. As shown in [Table 2](#pone.0190202.t002){ref-type="table"}, the high F value (F = 10.18) and low P value (*P* \< 0.01) of the model indicate that the polynomial model was highly statistically significant. The high determination coefficient (*R*^2^ = 0.9482) indicates that 94.82% of the variability in the response could be explained by the model, demonstrating that the model equation had a high-quality fit and good precision and reliability \[[@pone.0190202.ref023]\]. Response surfaces were plotted using Design-Expert software to explain the interactions among the variables and to determine the optimal level of each variable for the maximum response. The three-dimensional response surfaces and two-dimensional contours are shown in [Fig 2](#pone.0190202.g002){ref-type="fig"}. Response surface analysis was performed using Design-Expert software to determine the following optimal extraction conditions: extraction temperature, 100°C; ratio of water to material, 22.3 mL/g; and extraction time, 133.2 min. The maximum predicted yield of BSCPs was 10.55%. To validate the model equations, a verification experiment under these conditions was conducted, and the experimental yield of BSCPs was 10.56 ± 0.0005% (mean±RSD, n = 3), which was highly consistent with the predicted value. The above result demonstrated that the regression model was accurate and adequate for the prediction of the BSCP extraction yield.

![Three-dimensional response surfaces (a, b and c) and contour graphs (d, e and f) for the interactive effects of the extraction temperature (A), ratio of water to material (B) and extraction time (C) on the BSCP yield.](pone.0190202.g002){#pone.0190202.g002}
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###### ANOVA of the response surface quadratic model for the BSCP yield.

![](pone.0190202.t002){#pone.0190202.t002g}

  -------------------------------------------------------------------------------------------------------------------------
  Source        Sum of square   Degree of freedom   Mean square   F value   P Value\
                                                                            Prob. \> F
  ------------- --------------- ------------------- ------------- --------- -----------------------------------------------
  A             0.76            1                   0.76          20.86     0.0060[\*\*](#t002fn001){ref-type="table-fn"}

  B             0.62            1                   0.62          17.14     0.0090[\*\*](#t002fn001){ref-type="table-fn"}

  C             0.76            1                   0.76          21.03     0.0059[\*\*](#t002fn001){ref-type="table-fn"}

  AB            1.23            1                   1.23          0.034     0.8614

  AC            0.18            1                   0.18          4.98      0.0760

  BC            0.18            1                   0.18          4.86      0.0785

  A^2^          5.19            1                   5.19          0.14      0.7207

  B^2^          0.67            1                   0.67          18.39     0.0078[\*\*](#t002fn001){ref-type="table-fn"}

  C^2^          0.18            1                   0.18          4.93      0.0771

  Model         3.32            9                   0.37          10.18     0.0100

  Residual      0.18            5                   0.036                   

  Lack of fit   0.18            3                   0.060                   

  Pure error    0.00            2                   0.000                   

  Total         3.50            14                                          
  -------------------------------------------------------------------------------------------------------------------------

\*\* Indicates significance (significance level 0.01).

Purification and molecular weight determination {#sec013}
-----------------------------------------------

The crude BSCP fraction was separated on a fast flow DEAE-Sepharose CL-6B column, eluting successively with an NaCl gradient. From the elution profile of crude BSCPs on the DEAE-Sepharose CL-6B column ([Fig 3a](#pone.0190202.g003){ref-type="fig"}), main independent fraction peaks were collected at the elution of water, named BSCP-1. The homogeneous polysaccharide was further analyzed by HPGPC to detect the purity and molecular weight. As shown in [Fig 3b](#pone.0190202.g003){ref-type="fig"}, the BSCP-1 peak showed good symmetry, which indicated good homogeneity. Via calculation with the regression equation, lgMw = -1.032x+10.08 (*R*^2^ = 0.982), the molecular weight of BSCP-1 was determined to be 7.55 × 10^5^ Da.

![Elution profile of the crude BSCPs on a DEAE-Sepharose CL-6B chromatography column, eluting with an NaCl gradient at a flow rate of 2.5 mL/min (a); HPGPC result for BSCP-1 (b).](pone.0190202.g003){#pone.0190202.g003}

Monosaccharide composition analysis {#sec014}
-----------------------------------

The aldononitrile acetate derivatives of the monosaccharide standards ([Fig 4a](#pone.0190202.g004){ref-type="fig"}) and hydrolyzed BSCP-1 were analyzed by GC-MS. As shown in [Fig 4b](#pone.0190202.g004){ref-type="fig"}, purified BSCP-1 was composed of rhamnose, mannose and galactose in a molar ratio of 1.00:6.01:3.56. In previous studies, several polysaccharides were isolated from black soybean seed, and the typical polysaccharide, named PSBS, was composed of 89% glucose, 6% mannose and 5% galactose \[[@pone.0190202.ref024]\]. BSPS-1 and BSPS-2 were predominantly composed of glucose and galactose, and BSPS-3 was predominantly composed of galactose and arabinose \[[@pone.0190202.ref007]\]. These data indicated that mannose and galactose were the predominant monosaccharides in the new polysaccharide BSCP-1.

![GC-MS chromatogram of the aldononitrile acetate derivatives of the standard monosaccharides (a) and the hydrolysate of BSCP-1 (b).](pone.0190202.g004){#pone.0190202.g004}

Cytotoxic activity against HGC27 cells {#sec015}
--------------------------------------

In the past five years, several polysaccharides composed of galactose, rhamnose and mannose have been reported to have potent anti-proliferation and anti-metastatic activities and could be developed as anti-tumor agents for human gastric \[[@pone.0190202.ref021]\], bladder \[[@pone.0190202.ref025]\] and lung \[[@pone.0190202.ref026]\] cancer therapy. In this study, the isolated BSCP-1 was tested for its in vitro cytotoxicity against the HGC27 human gastric carcinoma cancer cell line using the Cell-Titer-Glo^™^ luminescent cell viability assay. However, BSCP-1 showed no cytotoxic effects (IC~50~ \>0.15 mg/ml) against the HGC27 cell line.

Conclusion {#sec016}
==========

In this paper, the extraction of BSCPs was optimized. The yield of BSCPs obtained under the optimal extraction conditions (extraction temperature, 100°C; ratio of water to material, 22.3 mL/g; and extraction time, 133.2 min) was 10.55%. The crude BSCP fraction was separated by DEAE-Sepharose column chromatography, and BSCP-1, containing pectic-type polysaccharide with a molecular weight of 7.55 × 10^5^ Da, was isolated from the black soybean seed coat. The detailed composition of BSCP-1 was identified through GC-MS analysis as a galactomannan consisting of galactose, mannose and rhamnose in a molar ratio of 6.01:3.56:1.00. Our results also indicated that BSCP-1 exhibited lower anti-tumor activities than other analogues. Further investigations must be performed to evaluate other possible biological activities of this galactomannan-rich polysaccharide to determine possible applications of black soybean seed coat.
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